Abstract Biodegradation of pentachlorophenol (PCP) has been studied in a sequence of two completely mixed reactors. Investigation on the first anaerobic sequencing batch reactor (AnSBR) is discussed in detail in this paper. Key technological and microbiological features were studied: two different types of adaptation process of anaerobic sludge towards PCP detoxication; the influence of the sludge concentration upon the rate of PCP biodegradation; minimum retention time for PCP degradation in dependence on the PCP concentration; modeling of the PCP degradation process; effluent COD and SS concentrations; changes in the micro-and macrostructure of the sludge during acclimatization process.
Introduction
Pentachlorophenol is listed as one of the priority pollutants by the United States Environmental Protection Agency and the European Community. That is why the bioremediation of water and wastewater containing PCP has been a subject of numerous investigations in the last two decades. Despite the profound studies and the results achieved, questions such as choice of the type of biodegradation (anaerobic or aerobic) and adaptation of biomass (Buirton, 1998) ; determination of the technological and kinetic parameters (Shishido, 1996) and design of the appropriate bioreactors continue to attract the attention of the researchers.
Wilson and co-authors combined the advantages of the both anaerobic and aerobic biodegradation pathways and suggested a two-stage process for complete PCP degradation, using granular activated carbon fluidized bed reactors (Wilson et al., 1998) . Their idea was applied to our study on PCP degradation using a sequence of two completely mixed reactors (Table 1) . Investigation on the first anaerobic sequencing batch reactor (AnSBR) is the subject of this paper.
Methods

Reactors, sludge and substrates
To determine the influence of sludge concentration upon the rate of PCP biodegradation, a set of 10 vessels, with a volume of 2 litres each, was used. Two automised 5-litre bioreactors (Reactor 1 and Reactor 2) equipped with speed controlled mixers; sensors for registration of the temperature, pH, redox potential r H ; systems for automated sustenance of the temperature and pH were used for all the other experiments.
Sewage sludge collected from the sludge thickeners of Sofia municipal wastewater treatment plant was applied to cultivate a microbial consortium capable of PCP degradation. The initial sludge concentration was 10 g/l for both reactors.
Municipal wastewater taken from the distribution chamber after the fine screening and before the primary settling tanks of Sofia WWTP was used as substrate. PCP (supplied by Merck and additionally purified using double crystallization in toluene) was added in concentrations, varied from 2 to 19 mg/l.
Adaptation and operation procedures
Two batch procedures of acclimation of the sewage sludge towards biodegradation of PCP were applied (Table 2) . Once a stable biological system for PCP biodegradation had been established, Reactor 1 started operating as a sequencing batch reactor. To study the minimum retention time for PCP degradation relating to the initial PCP concentration and to model the process, influent PCP concentration was increased from 2 mg/l to 10 mg/l.
Analytical methods
Determination of COD, Cl -, NH 4
+ and suspended solids were carried out according to the Standard Methods. PCP tests in the water phase and its accumulation in the sludge were performed using HPLC system according to the previously described method (Topalova et al., 1997) . Micro-and macrostructure of the activated sludge was observed and determined by light-microscopic and transmission electron -microscopic analysis.
Results and discussions
Influence of sludge concentration upon the rate of PCP biodegradation The batch experiments indicated that at sludge concentrations up to 10 and between 10 and 20 g/l the average rates of PCP degradation are 0.17 and 0.44 mg/l.d, respectively. Therefore, to achieve better rate of PCP biodegradation, sludge concentration above 10 g/l is recommended.
The type of the adaptation process A stable microbial consortium capable of degrading PCP was cultivated from municipal sewage sludge using both the adaptation procedures, during which changes in micro-and I. Ribarova et al. 566 To study PCP degradation in continuous flow process, realized in sequence of two reactors:
• Anaerobic reactor -initiating phase for PCP detoxication;
• Aerobic reactor -final treatment phase of low halogenated and non-halogenated phenol derivatives and degradation of conventional pollutants Reactor 1 2 mg PCP/l was introduced consecutively 9 times while the retention time of PCP biodegradation was decreased from 4 days to 2 hours
Reactor 2 PCP concentration was increased from 2 to 19 mg/l immediately after the introduced portion was degraded macrostructure of the sludge were registered. The initial sludge with flocculated structure (Figure 1 ) was gradually replaced by that with clearly expressed granular structure ( Figure  2 ). The key PCP degrading bacteria were tightly trapped in the granules which showed extremely high degree of syntrophy (Figure 3 ). This structure of the sludge remained also during the operation of the AnSBR. In Reactor 2 after increasing the PCP concentration close to the inhibiting level, quick destruction of the granules was observed coinciding with a sharp decrease of the PCP biodegradation rate.
Minimum retention time for PCP degradation in dependence on PCP concentration Figure 4 illustrates the minimum retention times for PCP degradation in dependence on influent PCP concentration. These results were achieved during the operation of Reactor 1 as a SBR after 2 or 3 repeats for each concentration.
Modeling of the PCP biodegradation
Traditionally, Michaelis-Menten or Monod-like expressions (1) have been used for describing the rate of degradation. When S <<K s , the Monod Eq. (1) is replaced by Eq. (2).
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where r is the rate of degradation, S is the substrate concentration, k is the maximum rate of substrate utilization, K s is the Monod half-velocity constant, k' is the rate of substrate utilization. The PCP biodegradation with initial concentration up to 10 mg/l was modelled by Monod equation (2), which shows that this concentration is still not an inhibiting one ( Figure 5 , Reactor 1). Shishido and co-authors concluded the same in their study (Shishido, 1996) . The rate of substrate utilisation k' was determined to be 1.06 d -1 . The modelling of the process at PCP concentration of 19 mg/l could be made by Haldane's equation, since substrate inhibition was observed ( Figure 5 , Reactor 2).
Conclusions
The adaptation procedures, studied show that both are reliable for cultivation of a biological systems, reproducible and effective in reducing PCP from up to 19 mg/l under anaerobic batch conditions. The batch experiments indicate that better PCP degradation rate is observed at sludge concentrations between 10 and 20 g/l, than below 10 g/l. The biodegradation process during the operation of the anaerobic reactor in sequencing batch regime is successfully modeled by Monod equation when influent PCP concentration is below 10 mg/l. Although, effluent PCP concentration was quite satisfying (below 0.5 mg/l), low halogenated and non-halogenated phenol derivatives were observed. Due to high effluent COD, 1,100 mg/l, AnSBR is considered as the first stage of a complete biodegradation process. The second stage of aerobic treatment is of great interest for the continued study of the research team.
